The optimization of cooling and ventilation systems is essential to the protection of ancient pagodas, which boast profound historical, cultural and tourism values. This calls for thorough investigation into the thermodynamic and flow heat transfer properties of the central airconditioning system (CACS) in the pagoda. In this paper, a thermodynamic model of the cooling tower is established in the principle of differential calculation, and verified through field test. On this basis, the author further discussed the impacts of drifting and reflux effect on the working performance of the cooling tower. The results show that: without considering the drifting effect, there is only a slight error between the measured inlet air enthalpy, inlet air temperature and inlet air relative humidity and the values simulated by the proposed model; in actual operation, the drifting of water vapour away from the cooling tower carries away some heat, leading to reduced temperature and increased relative humidity at the air inlet; the reflux ratio within the cooling tower is positively correlated with the water temperature, dry-bulb temperature and relative humidity at the outlet of the cooling tower, but negatively with the heat exchange amount of the tower, under different atmospheric dry-bulb temperatures, atmospheric relative humidities and gas-water ratios; the reflux of water vapour has a significant impact on the cooling performance of the cooling tower, and the impact is positively correlated to the reflux ratio. The research findings provide theoretical support for engineering applications like heating, cooling and ventilation in ancient pagodas.
INTRODUCTION
There are numerous ancient pagodas around the world, especially in Asia. These towers fall into attic style, multi-eave style, pavilion-style or Vajra base-style [1] [2] . Ancient pagodas are an important cultural heritage of all mankind, carrying profound historical, cultural and tourism values [3] .
It is a money-consuming task to preserve the original physical structure of ancient pagodas, owing to their long history [4] [5] [6] [7] [8] . Heating, cooling and ventilation should also be considered for some ancient pagodas, which are open to the public as historical and cultural landscapes [9] .
For the protection of ancient pagodas, the cooling tower, the key component to the working efficiency of central airconditioning system (CACS), is generally placed in a ground pit [10] [11] . In this case, the reflux effect may occur in the cooling tower under the crosswind. This effect must be considered in the thermodynamic simulation and theoretical calculation of the cooling tower [12] [13] [14] [15] [16] .
Much research has been done on the thermodynamic properties and flow heat transfer of the cooling tower. For instance, Fisenko et al. improved the thermodynamic model of conventional cooling towers using the Merkel theory, and included such parameters as the reflux of hot and humid air and the air enthalpy into the proposed model [17] . Inspired by the effectiveness-number of transfer units (ε-NTU) method, Söylemez et al. provided a theoretical reference to the selection and design of the cooling tower [18] . Johannes et al. considered the impact of the Lewis coefficient on the performance of the cooling tower, and determine the Lewis coefficient corresponding to the optimal cooling tower outlet temperature by theoretical modelling [19] . Kie et al. designed an intelligent control system to reduce the energy consumption of the cooling tower, and discussed how the heat transfer features of air and water affect the thermodynamic performance of the cooling tower [20] . Gao et al. numerically simulated the effect of ambient crosswind on the thermodynamic performance of the cooling tower [21] . In addition, other scholars mainly analysed the influence of various thermodynamic parameters (e.g. outlet water temperature, gas temperature, ventilation rate and ventilation resistance) over the overall design and heat transfer properties of the cooling tower [22] [23] [24] . However, there is a huge deviation of the simulated results from the actual results in the above studies, which fail to consider the gas reflux, drifting, ambient temperature, ambient humidity, etc. [25] .
To overcome the said defects, this paper probes into the thermodynamic performance and heat transfer properties of the CACS in ancient pagodas, establishes a thermodynamic model of the cooling tower in the principle of differential calculation, and verifies the rationality of the proposed model through field test. On this basis, the author further discussed the impacts of drifting and reflux effect on the working performance of the cooling tower. The research findings provide theoretical support for engineering applications like heating, cooling and ventilation in ancient pagodas.
THERMODYNAMIC MODEL AND HEAT TRANSFER FEATURES OF COOLING TOWER
Based on the Lewis theory, the heat transfer relationship in the cooling tower can be expressed as:
where α and σ are respectively the sensible heat transfer coefficient and the wet exchange coefficient; cp is the constant pressure heat capacity. Equation 1 describes the ideal heat exchange process. In actual work, the heat transfer relationship in the cooling tower should be corrected by:
The number of cooling tower properties N can be expressed as:
where N is the cooling capacity of the cooling tower; β, A and m are the volume and packing coefficient of the cooling tower, respectively; λ is the gas-water ratio. The outlet water temperature and outlet air parameters were calculated by the method shown in Figure 1 . In actual operation, the water vapour that has been discharged may re-enter the cooling water with the inlet air, creating the reflux phenomenon. The reflux ratio r can be calculated as follows:
where h1, h2 and haa are the enthalpies of inlet air, outlet air and the ambient atmosphere, respectively. The three enthalpies obey the following relationship:
where d1, d2 and daa are the water vapour contents of inlet air, outlet air and the ambient atmosphere, respectively. According to the heat balance equation, we have:
where t1, t2 and taa are the dry-bulb temperatures of inlet air, outlet air and the ambient atmosphere, respectively. Hence, the cooling number dΩ in each cell of Figure 1 can be expressed as:
The thermodynamic calculation model of the cooling tower can be established below according to equations (1) 
THERMODYNAMIC MODEL VERIFICATION AND ANALYSIS
Taking the CACS of a certain ancient pagoda for instance, the author tested the inlet air enthalpy, inlet air temperature, inlet air humidity, outlet water temperature and heat exchange capacity of the cooling tower. The test devices were arranged at the corresponding positions of the cooling tower, and the results were transmitted by sensors to the data processing system through for post-analysis. The test process is shown in Figure 3 below. Seven typical test results, denoted as T1~T7, were selected for analysis. The measured results were contrasted against those computed by the proposed method. Figure 4 compares the theoretical results and test results on the inlet air enthalpy, inlet air temperature and inlet air relative humidity of the cooling tower.
It can be seen from Figure 4 that the relative error between the calculated and measured inlet air enthalpies of the cooling tower was merely 3%, that between the calculated and measured inlet air temperatures was relatively large (14%), and that between the calculated and measured inlet air relative humidity peaked at 25.8%.
The calculated temperature and relative humidity of the inlet air were corrected against the psychrometric chart ( Figure  5 ), where points 1, 2 and 3 respectively stand for the ambient atmosphere state, inlet air state and outlet air state of the cooling tower, and point 4, i.e. the intersection between line 2~1 and line 2~3, refers to the state point calculated by the proposed theoretical model. T1  T2  T3  T4  T5  T6  T7   70   80   90   100   110   T1  T2  T3  T4  T5  T6 T1  T2  T3  T4  T5  T6  T7   0   5   10   15   20   25   30   35   40   T1  T2  T3  T4  T5  T6  T7 T1  T2  T3  T4  T5  T6  T7   0  10  20  30  40  50  60  70  80  90   T1  T2  T3  T4  T5  T6  T7   0   5 When raw materials are fed into the cooling tower, a part of the cooling water will drift away from the air inlet, carrying away some heat. As a result, the temperature at the air inlet is lowered and the relative humidity at this position is increased. However, the proposed theoretical model fails to consider the drifting effect of cooling water.
Taking point 4 as the benchmark, the results calculated by the proposed model were compared with the test results. The statistics on inlet air temperature and its relative humidity are displayed as Figure 6 .
Comparing the calculated and tested inlet air temperature and inlet air relative humidity of the cooling tower without considering the drifting effect, it is learned that the maximum error of inlet air temperature was only 2.7% and that of the relative humidity was merely 3.3%. Hence, the proposed model was proved feasible using the psychrometric chart.
Next, the author discussed the impacts of water vapour reflux on the efficiency of the cooling tower. Table 1 simulates the impacts of water vapour reflux ratio on outlet water temperature, heat exchange amount between the inside and the outside, the dry-bulb temperature of outlet air and the relative humidity of the outlet air of the cooling tower, as the atmospheric dry-bulb temperature increased from 24℃ to 36℃ .   T1  T2  T3  T4  T5  T6  T7   0   5   10   15   20   25   30   35   40   T1  T2  T3  T4  T5  T6 T1  T2  T3  T4  T5  T6  T7   30   40   50   60   70   80   90   T1  T2  T3  T4  T5  T6  T7   0   1 Comparison between the calculated and tested inlet air temperature and inlet air relative humidity of the cooling tower without considering the drifting effect Outlet air relative humidity/℃ ta=24℃ 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 ta=26℃ 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100. Table 2 simulates the impacts of water vapour reflux ratio on outlet water temperature, heat exchange amount between the inside and the outside, the dry-bulb temperature of outlet air and the relative humidity of the outlet air of the cooling tower, as the atmospheric relative humidity increased from 30% to 90%. Table 3 simulates the impacts of water vapour reflux ratio on outlet water temperature, heat exchange amount between the inside and the outside, the dry-bulb temperature of outlet air and the relative humidity of the outlet air of the cooling tower, as the gas-water ratio increased from 0.3 to 1.2. Outlet air relative humidity/℃ As shown in Tables 1~3, the reflux ratio within the cooling tower is positively correlated with the water temperature, drybulb temperature and relative humidity at the outlet of the cooling tower, but negatively with the heat exchange amount of the tower, under different atmospheric dry-bulb temperatures, atmospheric relative humidities and gas-water ratios. It can be seen that the reflux of water vapour has a significant impact on the cooling performance of the cooling tower, and the impact is positively correlated to the reflux ratio.
CONCLUSIONS
This paper probes into the thermodynamic performance and heat transfer properties of the CACS in ancient pagodas, establishes a thermodynamic model of the cooling tower in the principle of differential calculation, and verifies the rationality of the proposed model through field test. On this basis, the author further discussed the impacts of drifting and reflux effect on the working performance of the cooling tower. The research conclusions are as follows.
(1) Without considering the drifting effect, there is only a slight error between the measured inlet air enthalpy, inlet air temperature and inlet air relative humidity and the values simulated by the proposed model. In actual operation, the drifting of water vapour away from the cooling tower carries away some heat, leading to reduced temperature and increased relative humidity at the air inlet.
(2) The reflux ratio within the cooling tower is positively correlated with the water temperature, dry-bulb temperature and relative humidity at the outlet of the cooling tower, but negatively with the heat exchange amount of the tower, under different atmospheric dry-bulb temperatures, atmospheric relative humidities and gas-water ratios. The reflux of water vapour has a significant impact on the cooling performance of the cooling tower, and the impact is positively correlated to the reflux ratio.
